Aims: To compare risks of early postpartum diabetes and prediabetes in Chinese women with and without gestational diabetes mellitus (GDM) during pregnancy. Subjects and methods: Tianjin GDM observational study included 1263 women with a history of GDM and 705 women without GDM who participated in the urban GDM universal screening survey by using World Health Organization's criteria. Postpartum diabetes and prediabetes were identified after a standard oral glucose tolerance test. Cox proportional hazards regression was used to assess risks of postpartum diabetes and prediabetes between women with and without GDM. Results: During a mean follow-up of 3.53 years postpartum, 90 incident cases of diabetes and 599 incident cases of prediabetes were identified. Multivariable-adjusted hazard ratios among women with prior GDM, compared with those without it, were 76.1 (95% CI: 23.6-246) for diabetes and 25.4 (95% CI: 18.2-35.3) for prediabetes. When the mean follow-up extended to 4.40 years, 121 diabetes and 616 prediabetes cases were identified. Women with prior GDM had a 13.0-fold multivariable-adjusted risk (95% CI: 5.54-30.6) for diabetes and 2.15-fold risk (95% CI: 1.76-2.62) for prediabetes compared with women without GDM. The positive associations between GDM and the risks of postpartum diabetes and prediabetes were significant and persistent when stratified by younger and older than 30 years at delivery and normal weight and overweight participants. Conclusions: The present study indicated that women with prior GDM had significantly increased risks for postpartum diabetes and prediabetes, with the highest risk at the first 3-4 years after delivery, compared with those without GDM.
Introduction
The prevalence of diabetes and prediabetes were 10.9% and 35.7% in 2013 in China respectively (1) . The prevalence of gestational diabetes mellitus (GDM) has increased from 2.4% in 1999 to 8.1% in 2012 in urban China (2, 3) , now close to the US level (~7%) (4) . Currently, it is estimated that the health care costs associated with diabetes and GDM in the United States are $278 billion and $1.3 billion per year (5) .
It is well recognized that women with prior GDM suffer higher risks of diabetes and prediabetes later in life (6) . Studies of postpartum risk of diabetes and prediabetes in women with prior GDM suggest early lifestyle intervention to prevent the progression to diabetes or prediabetes in this high-risk population. However, the risks of postpartum diabetes in women with prior GDM might change at different conditions including different postpartum periods, maternal age, pre-pregnancy and postpartum BMI, ethnicity, diagnostic criteria and methods of GDM during pregnancy and diagnostic criteria and methods of postpartum diabetes. Until now, no previous studies have carried out an urban GDM universal screening survey by using World Health Organization (WHO)'s criteria and very few studies have assessed early postpartum diabetes and prediabetes by using a standard oral glucose tolerance test (OGTT) among women with and without a history of GDM. In the present analysis of the Tianjin GDM observational study, we aimed to investigate risks of early postpartum diabetes and prediabetes among women with and without a history of GDM.
Subjects and methods

Tianjin GDM screening project
Tianjin is the fourth largest city in China, only 30-min distance by train from Beijing. There are six central districts in Tianjin with about 4.3 million residents. In 1999, the Tianjin Women's and Children's Health Center launched an urban universal screening of GDM using WHO's criteria in all six central districts (2) . The screening rate was reported to be >91% between 1999 and 2008 (2) . We used a 1-h glucose screening test with 50 g glucose load at 26-30 gestational weeks. If the 1-h glucose level was over 7.8 mmol/L, another 2-h OGTT with 75 g glucose load would be performed at the Tianjin Women's and Children's Health Center. GDM diagnosis was made as per WHO criteria: a 75-g glucose 2-h OGTT result confirming either diabetes (fasting glucose ≥7 mmol/L or 2-h glucose ≥11.1 mmol/L) or impaired glucose tolerance (IGT) (2-h glucose ≥7.8 and <11.1 mmol/L) (7).
Study samples
Totally 76 325 women were screened from 2005 to 2009, among whom 4644 women were diagnosed as GDM and 71 681 were free of GDM ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article). We invited all 4644 GDM women to participate in the Tianjin Gestational Diabetes Mellitus Prevention Program (TGDMPP) (8, 9, 10, 11) . Finally, 1263 women with GDM finished the baseline survey including a questionnaire and an OGTT between August 2009 and July 2011. Of these 1263 women with GDM, 83 were newly diagnosed diabetes according to the OGTT results and the rest 1180 women with GDM were randomized into an intervention group (n = 586) and a 'usual care' control group (n = 594) in the TGDMPP. In parallel, we also enrolled in the Tianjin GDM observational study 705 non-GDM women and their children with birth dates and sex frequencymatched to the 594 children of GDM women in the 'usual care' group and 83 children of GDM women who were newly diagnosed diabetes at baseline survey. The study was approved by the Human Subjects Committee of the Tianjin Women's and Children's Health Center. All the participants provided written informed consent.
Questionnaires and measurements
All study participants filled in a questionnaire about their socio-demographics (age, marital status, education, income and occupation), history of GDM, family history (diabetes, coronary heart disease (CHD), stroke, cancer and hypertension), medical history (hypertension, diabetes and hypercholesterolemia), pregnancy outcomes (pre-pregnancy weight, weight gain in pregnancy and number of children), dietary habits (a self-administered food frequency questionnaire (FFQ) to measure the frequency and quantity of intake of 33 major food groups and beverages during the past year) (12) , alcohol intake, smoking habits, passive smoking and physical activity (the frequency and duration of leisure-time and sedentary activities) at the postpartum baseline survey. They also completed the 3-day 24-h food records using methods for dietary record collections taught by a dietician. The performance of 3-day 24-h food records (12) , the FFQ (12), and the above questionnaire on assessing physical activity (13, 14) have been validated in the China National Nutrition and Health Survey in 2002.
Body weight and height were measured using the standardized protocol by specially trained research doctors. BMI was calculated as the body weight in kilograms divided by the square of the height in meters. Waist circumference was measured at the horizontal level between the inferior costal margin and the iliac crest on the mid-axillary line with women in their standing position. Blood samples were collected in all participants after an overnight fast of at least 12 h. Participants without a self-reported history of diabetes were given a standard 75-g glucose OGTT test. Plasma glucose was measured on an automatic analyzer (Toshiba TBA-120FR, Japan). Coefficient of variance was 4.42% for glucose.
Definition of postpartum diabetes and prediabetes
We used American Diabetes Association (ADA)'s criteria (15) for the diagnosis of diabetes and prediabetes. Diabetes was defined as fasting glucose ≥7.0 mmol/L and/or 2-h glucose ≥11.1 mmol/L. Prediabetes was defined as either impaired fasting glucose (fasting glucose ≥5.6 mmol/L and <7.0 mmol/L) or IGT (2-h glucose ≥7.8 mmol/L and <11.1 mmol/L). Those using antidiabetic drugs in the examination were also included into the type 2 diabetes cases. Until now, GDM women in both intervention and control groups in the TGDMPP finished baseline and subsequent annual OGTT during the 3-year follow-up visits. The present study included two different postpartum follow-up periods: early postpartum follow-up (both GDM and non-GDM women at baseline survey) and extended postpartum follow-up (GDM women in the interventional group and non-GDM women at baseline survey, and GDM women in the control group at the year 3 follow-up visit).
Statistical analysis
Standard t test and chi-square test were used in the comparison of continuous variables and categorical variables between women with GDM and without GDM. Cox proportional hazard regression analysis was used to assess risks of postpartum diabetes and prediabetes between women with and without GDM. All analyses were adjusted for age (Model 1), and then for education, family income, family history of diabetes, smoking, passive smoking, alcohol drinking, leisure-time physical activity, sleeping time, dietary fiber, sweetened beverage drinking, energy intakes of fat, protein and carbohydrate (Model 2), and further for BMI (Model 3). P < 0.05 was considered statistically significant. All statistical analyses were performed by IBM SPSS Statistics for Windows, version 24.0 (IBM Corp.).
Results
General characteristics of the study population at baseline were given in Table 1 . Women with GDM were slightly older after delivery and younger at baseline survey. Their BMI, HbA1C, fasting and 2-h glucose at baseline were higher. They were less educated and had less family income. In addition, they were less alcohol drinkers, less physically active and had more energy intakes as compared with those who were free of GDM.
During a mean follow-up of 3.53 years postpartum, there were 90 incident cases of diabetes and 599 incident cases of prediabetes. The incident rates of diabetes and prediabetes were 28.7/1000 person-years and 150.3/1000 person-years in GDM women, and 1.73/1000 personyears and 49.3/1000 person-years in non-GDM women, respectively. Multivariable-adjusted (age, education, family income, family history of diabetes, smoking, passive smoking, alcohol drinking, leisure-time physical activity, sleeping time, dietary fiber, sweetened beverage drinking, energy intakes of fat, protein and carbohydrate, and BMI -Model 3) hazard ratios among women with prior GDM, compared with those without GDM, were 76.1 (95% CI: 23.6-246) for diabetes and 25.4 (95% CI: 18.2-35.3) for prediabetes respectively (Fig. 1A , B and Table 2 ). When the mean follow-up extended to 4.40 years, there were 121 incident cases of diabetes and 616 incident cases of prediabetes. The incident rates of diabetes and prediabetes changed to 24.7/1000 person-years and 98.1/1000 personyears in GDM women, and 1.73/1000 person-years and 49.3/1000 person-years in non-GDM women respectively. Women with prior GDM had a 13.0-fold multivariableadjusted risk (95% CI: 5.54-30.6) for diabetes and 2.15-fold risk (95% CI: 1.76-2.62) for prediabetes compared with women without GDM (Fig. 1C, D and Table 2 ).
Multivariable-adjusted positive associations between GDM and the risks of postpartum diabetes and prediabetes were present in women aged younger and older than 30 years at delivery (Table 3) . Similarly, the positive association was observed in both healthy weight women and overweight women. There were no statistically significant interactions of age, BMI and GDM status on the risks of postpartum diabetes and prediabetes (all P for interaction >0.25).
Discussion
In this large GDM observational study, women with a history of GDM during pregnancy had a significantly increased risk of postpartum diabetes and prediabetes compared with women without GDM, and this risk was the highest at the first 3-4 years after delivery.
The prevalence of GDM is high among Asian women (~10%) compared with other racial/ethnic groups (5-8%) in the United States (16, 17, 18, 19) . In China, the prevalence of GDM has increased from 2.4% in 1999 to 8.2% in 2012 (2, 3), now similar to the level in US women (~7%) (4) . Recent studies have found that Asian Americans with GDM are more likely to develop diabetes than other racial/ethnic women with GDM in the US (20) although Asian Americans generally have lower BMI and the prevalence of overweight/obesity than other racial/ethnic Americans (21, 22) . However, very few studies investigated the postpartum risks of diabetes and prediabetes in Chinese women with a history of GDM. In a cohort of Chinese women living in Hong Kong, 9.0% of women with a history of GDM developed type 2 diabetes after a median follow-up of 8 years (23) .
It has been suggested that the risk of postpartum diabetes in women with prior GDM might change due to different races and ethnicities (24) , different postpartum periods, maternal age, pre-pregnancy and postpartum BMI, diagnostic criteria of GDM during pregnancy and diagnostic criteria of postpartum diabetes. For example, Bao et al. reported a higher risk of postpartum diabetes among GDM women during up to 18 years of follow-up, especially among GDM women with higher baseline BMI and more weight gain after GDM development by a standard questionnaire (25) . Since most of previous studies only used electronic medical records to identify symptomatic women at high risks of GDM and postpartum diabetes, these studies could have missed some asymptomatic cases of GDM and postpartum diabetes. No previous studies have reported the results based on an urban GDM universal screening survey by using the standard WHO's criteria, and very few studies have assessed early postpartum diabetes and prediabetes by using a standard OGTT among women with and without a history of GDM. Tianjin GDM observational study was the only study with a large sample size including 1263 women with a history of GDM and 705 women without GDM from 76 325 women who participated in the whole population's GDM universal screening survey by using the WHO's criteria. All 1263 women with prior GDM and 705 women with GDM had a standard OGTT at 1-9 years postpartum to identify postpartum diabetes and prediabetes using the ADA's criteria. In addition, about 95% of pregnancy women in the Tianjin urban area finished a fasting glucose examination during the first trimester (26) . Women with diabetes before pregnancy or with asymptomatic diabetes during the early pregnancy were excluded in the present study. Thus, the present study provided a comprehensive and accurate estimation of GDM with postpartum diabetes and prediabetes. Two early reviews have reported that women with prior GDM have a seven-fold higher risk of postpartum diabetes compared with women without GDM (6, 27) . A recent review has also indicated that the adjusted odds ratios of diabetes among GDM women compared with non-GDM women at <3, 3-6 and 6-10 years after delivery were 5.37, 16.55 and 8.20, respectively (28) . The present study found that women with prior GDM had a 76.1-fold risk for diabetes and a 25.4-fold risk for prediabetes compared with women without GDM at a mean follow-up of 3.53 years postpartum. When the mean follow-up extended to 4.40 years, women with prior GDM had a 13.0-fold risk for diabetes and a 2.15-fold risk for prediabetes compared with women without GDM. The present study demonstrated that women with prior GDM had the highest risk of postpartum diabetes at the first 3-4 years after delivery compared with women without GDM, which was similar to the trend from one recent meta-analysis that the risk of postpartum diabetes among women with GDM increased to a peak at the first 3-6 years and then attenuated (28) . Explanations might include more pronounced beta cell defect and susceptible genetic variants among women with early onset of postpartum diabetes (29) . Several studies have confirmed that antepartum characteristics might also contribute to the onset of postpartum diabetes (30, 31) . However, in our cohort, there were no significant differences in antepartum or postpartum BMI, weight gain during pregnancy and the GDM women's insulin treatment during pregnancy among women with early onset of postpartum diabetes compared with women with late onset of postpartum diabetes. Whether this risk trend resulted from other factors remains unknown and needs further studies. Thus, we implied that women with prior GDM represents a high risk population that should be targeted for early postpartum lifestyle intervention in order to prevent or delay the onset of type 2 diabetes. TGDMPP is an ongoing trial to evaluate the effect of early postpartum lifestyle intervention on the progress of diabetes.
In subgroup analyses of the present study, overweight women with prior GDM seemed to show a much higher risk for postpartum diabetes than normal weight women with prior GDM compared with overweight and normal weight women without GDM, which was similar with the results in other studies (32, 33) . Overweight is a definite risk factor for diabetes and prediabetes. Thus, early postpartum lifestyle intervention on weight loss is strongly recommended to prevent or delay type 2 diabetes and prediabetes among overweight women with a history of GDM. Meanwhile, we also noticed that women with GDM who were younger than age 30 years at delivery tended to have higher risks for postpartum diabetes and prediabetes than women with prior GDM who were older than age 30 years at delivery, which should be taken more attention. The early postpartum 2-h OGTT might help identify asymptomatic women with diabetes and prediabetes at a younger age, which could partly explain the higher risk of women at a younger age. In addition, GDM women who were younger at delivery in our cohort were more exposed to positive family history of diabetes. These women may be of higher genetic susceptibility to glucose intolerance as they developed GDM even at a younger age. Patients diagnosed as type 2 diabetes at a younger age usually have much higher risks of macro- (34) and microvascular diseases (35) than those developing type 2 diabetes later. The findings of the present study will greatly promote favorable changes in the Public Health Policy regarding prevention of the progress of diabetes among women with a history of GDM.
A unique advantage of the present study is that diagnoses of GDM at 26-30 gestational weeks were based on the whole population's GDM universal screening by using the WHO's criteria after a 2 h 75 g OGTT. The diagnosis of postpartum diabetes and prediabetes was based on the ADA's criteria after a 2 h 75 g OGTT. Our study is the only study to provide a comprehensive and accurate estimation of GDM with postpartum diabetes and prediabetes. Another important strength of our study is the large sample size of both women with and without a history of GDM. One limitation of this study is the return rate of the initial invitation with only 27% of all GDM women. Although there were no differences in age, 2-h glucose, fasting glucose, the prevalence of IGT and diabetes at 26-30 gestational weeks and OGTT tests between those returned and those not returned, whether other differences between groups existed cannot be verified. Second, we have no data on 1-h glucose and 3-h glucose during pregnancy since we used the WHO's diagnostic criteria for GDM. Finally, due to the one-child policy from 1979 to 2015 (36), the birth rates were lower in China than in other countries, which may influence the results. It has been considered that increasing numbers of parity were associated with an increasing risk of type 2 diabetes (37). However, since only 2.44% of the women included in the Tianjin GDM screening project have a history of more than one parity (2), parity bias is not considered in the present study.
In conclusion, we reported a substantially increased risk of postpartum diabetes and prediabetes in women with prior GDM compared with those without GDM, and this risk was the highest at the first 3-4 years after delivery. An early postpartum lifestyle intervention might prevent and delay diabetes and prediabetes risk among women with a history of GDM.
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